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We study direct detection bounds on cosmic ray-upscattered dark matter in simplified models
including light mediators. We find that the energy dependence in the scattering cross section is
significant, and produces stronger bounds than previously found (which assumed constant cross
sections) by many orders of magnitude at low DM mass. Finally, we compute the “neutrino-floor”
that will limit future direct detection searches for cosmic ray-upscattered dark matter. While we
focus on vector interactions for illustration, we emphasize that the energy dependence is critical in
determining accurate bounds on any particle physics model of Dark Matter-CR interactions from
experimental data on this scenario.
Introduction- The existence of a non-luminous class
of matter dubbed Dark Matter (DM) has been firmly
established, albeit only on the basis of its gravitational
impact on visible matter. Further, the particle nature of
this DM is unknown. A non-gravitational detection of
DM would provide an enormous first step in understand-
ing its particle nature.
One of the most promising experimental avenues is to
search for the small energy depositions from DM elasti-
cally scattering in very sensitive detectors on Earth [1].
This “direct detection” of DM can proceed from scatter-
ing on either nuclei [2–11] or electrons [12, 13]. In either
case however, the same interactions with ordinary matter
allow high energy cosmic rays (CRs) to scatter on back-
ground DM. This has two important phenomenological
impacts with observable consequences: (1) it can lead
to additional CR energy losses [14], and (2) can improve
detection prospects for light DM by giving such parti-
cles much larger energies so that that are more easily
detected by terrestrial nuclear [15, 16] or electron scat-
tering [16, 17]. Other recent methods for improving the
bounds on light DM provide complementary probes us-
ing e.g. the Migdal effect [2, 18–22], bremsstrahlung [23],
CMB distortions [24–26], and inelastic CR collision with
the atmosphere producing energetic light dark matter via
meson decays [27]. We note as well that relativistic scat-
tering at DM direct detection experiments was previously
considered in the context of models in which the products
of DM annihilation scatter with nuclei [28].
The existing literature on DM-CR interactions have as-
sumed cross sections that are energy independent. This
turns out to be a common occurrence for non-relativistic
DM, but often not the case more generally. More typi-
cally, in elementary particle physics models in which the
CR-DM interaction proceeds via the exchange of some
new scalar or vector particle, the relativistic differen-
tial cross section depends non-trivially on the energy and
mass of the participants. Moreover, DM-CR interactions
probe large cross sections and can have large momentum
transfers. If these large cross sections are generated by a
mediating particle with mass m2φ . q2, where q is the ex-
changed momentum, one must retain the full propagator
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10 
<latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNG bSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit><latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNG bSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit><latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNG bSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit><latexit sha1_base64="mNjGicggkfO3ra/ilRCnqVBwBVc=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxU0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2ek5HndLZb/iT4EWCc5JGXLUuqWvTk/RNG bSUkGMaWM/sUFGtOVUsHGxkxqWEDokfdZ2VJKYmSCb3jtGx07poUhpV9Kiqfp7IiOxMaM4dJ0xsQMz703E/7x2aqOrIOMySS2TdLYoSgWyCk2eRz2uGbVi5AihmrtbER0QTah1ERVdCHj+5UXSOKtgv4LvLsrV6zyOAhzCEZwAhkuowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBr3KPEg==</latexit>
10 
<latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6Smaxk xaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit><latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6Smaxk xaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit><latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6Smaxk xaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit><latexit sha1_base64="De1BxMW0JUHoZYbpbKN9lVtadM8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWRV0GPRi8 cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GNxfjbW1peWV1bL2wUN7e2d3ZLe/sNo1JNWZ0qoXQrJIYJLlndcitYK9GMxKFgzXB4M/GbT0wbruS9HSUsiElf8ohTYp3U8vFDdnqOx91SGVfwFGiR+DkpQ45at/TV6Smaxk xaKogxbR8nNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILwZ9/eZE0zio+rvh3F+XqdR5HAQ7hCE7Ah0uowi3UoA4UBDzDK 7x5j96L9+59zFqXvHzmAP7A+/wBre2PEQ==</latexit>
10 
<latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9O IxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iC UhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwD K/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit><latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9O IxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iC UhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwD K/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit><latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9O IxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iC UhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwD K/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit><latexit sha1_base64="W+PLUowrBP2lWqHLcq2xaY+F4dY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBPUW9O IxgnlAsobZySQZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLoXidRQoeSvWnIaB5M1gdDP1m09cGxGpexzH3A/pQIm+YBSt1PLch/SscjXpFktu2Z2BLBMvIyXIUOsWvzq9iC UhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0qiUPbfs3Z2XqtdZHHk4gmM4BQ8uoAq3UIM6MJDwD K/w5jw6L8678zFvzTnZzCH8gfP5A7oUjxk=</latexit>
10 
<latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMev EYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLA lRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4 RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit><latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMev EYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLA lRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4 RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit><latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMev EYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLA lRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4 RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit><latexit sha1_base64="MEp41E+fvZYMPz4RsRK3sOq+hOg=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBHMMev EYwTwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGNzO/9YRK80jem0mMfkiHkg84o8ZKbc99SC8q1WmvWHLL7hxklXgZKUGGeq/41e1HLA lRGiao1h3PjY2fUmU4EzgtdBONMWVjOsSOpZKGqP10fu+UnFmlTwaRsiUNmau/J1Iaaj0JA9sZUjPSy95M/M/rJGZQ9VMu48SgZItFg0QQE5HZ86TPFTIjJpZQpri9lbARVZQZG1HBhuAtv7xKmpWy55a9u8tS7TqLIw8ncArn4MEV1OAW6tAABgKe4 RXenEfnxXl3PhatOSebOYY/cD5/ALiPjxg=</latexit>
mV 1 GeV, gV =
q
MeV/m 
<latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZC O5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7G gUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="m8mqxmIiHwrtqnr6JpjUS3mEhoY=">AAACFHicbZBPS8MwGMbfzn9zTp1evQSH4EFm60G9CIIHvQgT 3B9Yy0izbAtL2pqkwijdJ/HiV/HiQRHx5rcx63rQzQcCD7/nDcn7+BFnStv2t1VYWl5ZXSuulzbKm1vblZ1yU4WxJLRBQh7Kto8V5SygDc00p+1IUix8Tlv+6Gqatx6pVCwM7vU4op7Ag4D1GcHaoG7lVHSTZooukDNJXCnQNW2mR5NBDl31IHWSBbcmODbDLhmyNO1W qnbNzoQWjZObKuSqdytfbi8ksaCBJhwr1XHsSHsJlpoRTtOSGysaYTLCA9oxNsCCKi/J9kvRgSE91A+lOYFGGf19I8FCqbHwzaTAeqjmsyn8L+vEun/uJSyIYk0DMnuoH3OkQzQtC/WYpETzsTGYSGb+isgQS0y0qbRkSnDmV140zZOaY9ecOxuKsAf7cAgOnMEl3EAd GkDgCV7gDd6tZ+vV+pjVVbDy3nbhj6zPH2ozoQ8=</latexit><latexit sha1_base64="m8mqxmIiHwrtqnr6JpjUS3mEhoY=">AAACFHicbZBPS8MwGMbfzn9zTp1evQSH4EFm60G9CIIHvQgT 3B9Yy0izbAtL2pqkwijdJ/HiV/HiQRHx5rcx63rQzQcCD7/nDcn7+BFnStv2t1VYWl5ZXSuulzbKm1vblZ1yU4WxJLRBQh7Kto8V5SygDc00p+1IUix8Tlv+6Gqatx6pVCwM7vU4op7Ag4D1GcHaoG7lVHSTZooukDNJXCnQNW2mR5NBDl31IHWSBbcmODbDLhmyNO1W qnbNzoQWjZObKuSqdytfbi8ksaCBJhwr1XHsSHsJlpoRTtOSGysaYTLCA9oxNsCCKi/J9kvRgSE91A+lOYFGGf19I8FCqbHwzaTAeqjmsyn8L+vEun/uJSyIYk0DMnuoH3OkQzQtC/WYpETzsTGYSGb+isgQS0y0qbRkSnDmV140zZOaY9ecOxuKsAf7cAgOnMEl3EAd GkDgCV7gDd6tZ+vV+pjVVbDy3nbhj6zPH2ozoQ8=</latexit><latexit sha1_base64="8EQRslyawo8UXF3IN1Gu2hlOMxc=">AAACH3icbVDNSsNAGNz4W+tf1KOXxSJ4kJp4UC9C0YNehAo2 LTQhbLbbduluEnc3Qgnpk3jxVbx4UES89W3cpjlo68DCMDMf334TxIxKZVljY2FxaXlltbRWXt/Y3No2d3YdGSUCkwaOWCRaAZKE0ZA0FFWMtGJBEA8YaQaD64nffCJC0ih8UMOYeBz1QtqlGCkt+eYZ91Mng5fQHqWu4PCGONnxqFeIrnwUKs2NO22c6LCL+zTLfLNi Va0ccJ7YBamAAnXf/HY7EU44CRVmSMq2bcXKS5FQFDOSld1EkhjhAeqRtqYh4kR6aX5fBg+10oHdSOgXKpirvydSxKUc8kAnOVJ9OetNxP+8dqK6F15KwzhRJMTTRd2EQRXBSVmwQwXBig01QVhQ/VeI+0ggrHSlZV2CPXvyPHFOq7ZVte+tSu2qqKME9sEBOAI2OAc1 cAvqoAEweAav4B18GC/Gm/FpfE2jC0Yxswf+wBj/AGGFopU=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit><latexit sha1_base64="V0+ZrxVObzaBL+yJrUqSerDPYg0=">AAACH3icbVDNSgMxGMzWv1r/Vj16CRbBg9RdEfUiFD3oRahg t4VuKdk0bUOT7JpkhbJsn8SLr+LFgyLirW9j2u5BWwcCw8x8fPkmiBhV2nFGVm5hcWl5Jb9aWFvf2Nyyt3c8FcYSkyoOWSjrAVKEUUGqmmpG6pEkiAeM1IL+9divPRGpaCge9CAiTY66gnYoRtpILfuMtxIvhZfQHSa+5PCGeOnRsJuJvnqUOpkYd8Y4NmEf92iatuyi U3ImgPPEzUgRZKi07G+/HeKYE6ExQ0o1XCfSzQRJTTEjacGPFYkQ7qMuaRgqECeqmUzuS+GBUdqwE0rzhIYT9fdEgrhSAx6YJEe6p2a9sfif14h156KZUBHFmgg8XdSJGdQhHJcF21QSrNnAEIQlNX+FuIckwtpUWjAluLMnzxPvpOQ6Jff+tFi+yurIgz2wDw6BC85B GdyCCqgCDJ7BK3gHH9aL9WZ9Wl/TaM7KZnbBH1ijH2LFopk=</latexit>
m  = 1 MeV
<latexit sha1_base64="NwTBR5yF3geN/WzE8/FDiOeJbNI=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoigl6EohcvQgX7AU0Im+20XbqbhN2N UGIE/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7Tjf1sLi0vLKammtvL6xubVt7+w2VZxKCg0a81i2Q6KAswgammkO7UQCESGHVji8Gvute5CKxdGdHiXgC9KPWI9Roo0U2PsiyDw6YDm+wO5j5kmBb6CZB3bFqToT4HniFqSCCtQD+8vrxjQVEGnKiVId10m0nxGpGeWQl71UQULokPShY2hEBCg/m9yf4yO jdHEvlqYijSfq74mMCKVGIjSdguiBmvXG4n9eJ9W9cz9jUZJqiOh0US/lWMd4HAbuMglU85EhhEpmbsV0QCSh2kRWNiG4sy/Pk+ZJ1XWq7u1ppXZZxFFCB+gQHSMXnaEaukZ11EAUPaBn9IrerCfrxXq3PqatC1Yxs4f+wPr8Ae32lWI=</latexit><latexit sha1_base64="NwTBR5yF3geN/WzE8/FDiOeJbNI=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoigl6EohcvQgX7AU0Im+20XbqbhN2N UGIE/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7Tjf1sLi0vLKammtvL6xubVt7+w2VZxKCg0a81i2Q6KAswgammkO7UQCESGHVji8Gvute5CKxdGdHiXgC9KPWI9Roo0U2PsiyDw6YDm+wO5j5kmBb6CZB3bFqToT4HniFqSCCtQD+8vrxjQVEGnKiVId10m0nxGpGeWQl71UQULokPShY2hEBCg/m9yf4yO jdHEvlqYijSfq74mMCKVGIjSdguiBmvXG4n9eJ9W9cz9jUZJqiOh0US/lWMd4HAbuMglU85EhhEpmbsV0QCSh2kRWNiG4sy/Pk+ZJ1XWq7u1ppXZZxFFCB+gQHSMXnaEaukZ11EAUPaBn9IrerCfrxXq3PqatC1Yxs4f+wPr8Ae32lWI=</latexit><latexit sha1_base64="NwTBR5yF3geN/WzE8/FDiOeJbNI=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoigl6EohcvQgX7AU0Im+20XbqbhN2N UGIE/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7Tjf1sLi0vLKammtvL6xubVt7+w2VZxKCg0a81i2Q6KAswgammkO7UQCESGHVji8Gvute5CKxdGdHiXgC9KPWI9Roo0U2PsiyDw6YDm+wO5j5kmBb6CZB3bFqToT4HniFqSCCtQD+8vrxjQVEGnKiVId10m0nxGpGeWQl71UQULokPShY2hEBCg/m9yf4yO jdHEvlqYijSfq74mMCKVGIjSdguiBmvXG4n9eJ9W9cz9jUZJqiOh0US/lWMd4HAbuMglU85EhhEpmbsV0QCSh2kRWNiG4sy/Pk+ZJ1XWq7u1ppXZZxFFCB+gQHSMXnaEaukZ11EAUPaBn9IrerCfrxXq3PqatC1Yxs4f+wPr8Ae32lWI=</latexit><latexit sha1_base64="NwTBR5yF3geN/WzE8/FDiOeJbNI=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoigl6EohcvQgX7AU0Im+20XbqbhN2N UGIE/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7Tjf1sLi0vLKammtvL6xubVt7+w2VZxKCg0a81i2Q6KAswgammkO7UQCESGHVji8Gvute5CKxdGdHiXgC9KPWI9Roo0U2PsiyDw6YDm+wO5j5kmBb6CZB3bFqToT4HniFqSCCtQD+8vrxjQVEGnKiVId10m0nxGpGeWQl71UQULokPShY2hEBCg/m9yf4yO jdHEvlqYijSfq74mMCKVGIjSdguiBmvXG4n9eJ9W9cz9jUZJqiOh0US/lWMd4HAbuMglU85EhhEpmbsV0QCSh2kRWNiG4sy/Pk+ZJ1XWq7u1ppXZZxFFCB+gQHSMXnaEaukZ11EAUPaBn9IrerCfrxXq3PqatC1Yxs4f+wPr8Ae32lWI=</latexit>
m  = 10 MeV
<latexit sha1_base64="q5LPftmyWR5agofw2Xf6BjeasXg=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoejFi1DBfkATyma7aZfuJm F3I5QQD/4VLx4U8erP8Oa/cdvmoK0PBh7vzTAzL0g4U9pxvq3S0vLK6lp5vbKxubW9Y+/utVScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK4nfvuBSsXi6F6PE+oLPIhYyAjWRurZB6KXeWTIcnSJXOcx86RAt7SV9+yqU3OmQIvELUgVCjR69pfXj0kqaKQJx0p1XSfRfoalZoTTvOKliiaYjPCAdg2N sKDKz6YP5OjYKH0UxtJUpNFU/T2RYaHUWASmU2A9VPPeRPzP66Y6vPAzFiWpphGZLQpTjnSMJmmgPpOUaD42BBPJzK2IDLHERJvMKiYEd/7lRdI6rblOzb07q9avijjKcAhHcAIunEMdbqABTSCQwzO8wpv1ZL1Y79bHrLVkFTP78AfW5w9h1JWc</latexit><latexit sha1_base64="q5LPftmyWR5agofw2Xf6BjeasXg=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoejFi1DBfkATyma7aZfuJm F3I5QQD/4VLx4U8erP8Oa/cdvmoK0PBh7vzTAzL0g4U9pxvq3S0vLK6lp5vbKxubW9Y+/utVScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK4nfvuBSsXi6F6PE+oLPIhYyAjWRurZB6KXeWTIcnSJXOcx86RAt7SV9+yqU3OmQIvELUgVCjR69pfXj0kqaKQJx0p1XSfRfoalZoTTvOKliiaYjPCAdg2N sKDKz6YP5OjYKH0UxtJUpNFU/T2RYaHUWASmU2A9VPPeRPzP66Y6vPAzFiWpphGZLQpTjnSMJmmgPpOUaD42BBPJzK2IDLHERJvMKiYEd/7lRdI6rblOzb07q9avijjKcAhHcAIunEMdbqABTSCQwzO8wpv1ZL1Y79bHrLVkFTP78AfW5w9h1JWc</latexit><latexit sha1_base64="q5LPftmyWR5agofw2Xf6BjeasXg=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoejFi1DBfkATyma7aZfuJm F3I5QQD/4VLx4U8erP8Oa/cdvmoK0PBh7vzTAzL0g4U9pxvq3S0vLK6lp5vbKxubW9Y+/utVScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK4nfvuBSsXi6F6PE+oLPIhYyAjWRurZB6KXeWTIcnSJXOcx86RAt7SV9+yqU3OmQIvELUgVCjR69pfXj0kqaKQJx0p1XSfRfoalZoTTvOKliiaYjPCAdg2N sKDKz6YP5OjYKH0UxtJUpNFU/T2RYaHUWASmU2A9VPPeRPzP66Y6vPAzFiWpphGZLQpTjnSMJmmgPpOUaD42BBPJzK2IDLHERJvMKiYEd/7lRdI6rblOzb07q9avijjKcAhHcAIunEMdbqABTSCQwzO8wpv1ZL1Y79bHrLVkFTP78AfW5w9h1JWc</latexit><latexit sha1_base64="q5LPftmyWR5agofw2Xf6BjeasXg=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoejFi1DBfkATyma7aZfuJm F3I5QQD/4VLx4U8erP8Oa/cdvmoK0PBh7vzTAzL0g4U9pxvq3S0vLK6lp5vbKxubW9Y+/utVScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK4nfvuBSsXi6F6PE+oLPIhYyAjWRurZB6KXeWTIcnSJXOcx86RAt7SV9+yqU3OmQIvELUgVCjR69pfXj0kqaKQJx0p1XSfRfoalZoTTvOKliiaYjPCAdg2N sKDKz6YP5OjYKH0UxtJUpNFU/T2RYaHUWASmU2A9VPPeRPzP66Y6vPAzFiWpphGZLQpTjnSMJmmgPpOUaD42BBPJzK2IDLHERJvMKiYEd/7lRdI6rblOzb07q9avijjKcAhHcAIunEMdbqABTSCQwzO8wpv1ZL1Y79bHrLVkFTP78AfW5w9h1JWc</latexit>
m  = 100 MeV
<latexit sha1_base64="8sBsFUoG7+6Lojll6Zjr/5gtOuc=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCq5IRQTdC0Y0boYJ9QGcYMmmmDU0yQ5 IRytBu/BU3LhRx61+4829M21lo64ELh3Pu5d57opQzbRD6dpaWV1bX1ksb5c2t7Z1dd2+/qZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0uJn4rUeqNEvkgxmmNBC4J1nMCDZWCt1DEeY+6bMRvIIeQuPcVwLe0eYodCuoiqaAi8QrSAUUqIful99NSCaoNIRjrTseSk2QY2UY4XRU9jNNU0wGuEc7lkos qA7y6QcjeGKVLowTZUsaOFV/T+RYaD0Uke0U2PT1vDcR//M6mYkvg5zJNDNUktmiOOPQJHASB+wyRYnhQ0swUczeCkkfK0yMDa1sQ/DmX14kzbOqh6re/Xmldl3EUQJH4BicAg9cgBq4BXXQAASMwTN4BW/Ok/PivDsfs9Ylp5g5AH/gfP4A1dWV1g==</latexit><latexit sha1_base64="8sBsFUoG7+6Lojll6Zjr/5gtOuc=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCq5IRQTdC0Y0boYJ9QGcYMmmmDU0yQ5 IRytBu/BU3LhRx61+4829M21lo64ELh3Pu5d57opQzbRD6dpaWV1bX1ksb5c2t7Z1dd2+/qZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0uJn4rUeqNEvkgxmmNBC4J1nMCDZWCt1DEeY+6bMRvIIeQuPcVwLe0eYodCuoiqaAi8QrSAUUqIful99NSCaoNIRjrTseSk2QY2UY4XRU9jNNU0wGuEc7lkos qA7y6QcjeGKVLowTZUsaOFV/T+RYaD0Uke0U2PT1vDcR//M6mYkvg5zJNDNUktmiOOPQJHASB+wyRYnhQ0swUczeCkkfK0yMDa1sQ/DmX14kzbOqh6re/Xmldl3EUQJH4BicAg9cgBq4BXXQAASMwTN4BW/Ok/PivDsfs9Ylp5g5AH/gfP4A1dWV1g==</latexit><latexit sha1_base64="8sBsFUoG7+6Lojll6Zjr/5gtOuc=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCq5IRQTdC0Y0boYJ9QGcYMmmmDU0yQ5 IRytBu/BU3LhRx61+4829M21lo64ELh3Pu5d57opQzbRD6dpaWV1bX1ksb5c2t7Z1dd2+/qZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0uJn4rUeqNEvkgxmmNBC4J1nMCDZWCt1DEeY+6bMRvIIeQuPcVwLe0eYodCuoiqaAi8QrSAUUqIful99NSCaoNIRjrTseSk2QY2UY4XRU9jNNU0wGuEc7lkos qA7y6QcjeGKVLowTZUsaOFV/T+RYaD0Uke0U2PT1vDcR//M6mYkvg5zJNDNUktmiOOPQJHASB+wyRYnhQ0swUczeCkkfK0yMDa1sQ/DmX14kzbOqh6re/Xmldl3EUQJH4BicAg9cgBq4BXXQAASMwTN4BW/Ok/PivDsfs9Ylp5g5AH/gfP4A1dWV1g==</latexit><latexit sha1_base64="8sBsFUoG7+6Lojll6Zjr/5gtOuc=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCq5IRQTdC0Y0boYJ9QGcYMmmmDU0yQ5 IRytBu/BU3LhRx61+4829M21lo64ELh3Pu5d57opQzbRD6dpaWV1bX1ksb5c2t7Z1dd2+/qZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0uJn4rUeqNEvkgxmmNBC4J1nMCDZWCt1DEeY+6bMRvIIeQuPcVwLe0eYodCuoiqaAi8QrSAUUqIful99NSCaoNIRjrTseSk2QY2UY4XRU9jNNU0wGuEc7lkos qA7y6QcjeGKVLowTZUsaOFV/T+RYaD0Uke0U2PT1vDcR//M6mYkvg5zJNDNUktmiOOPQJHASB+wyRYnhQ0swUczeCkkfK0yMDa1sQ/DmX14kzbOqh6re/Xmldl3EUQJH4BicAg9cgBq4BXXQAASMwTN4BW/Ok/PivDsfs9Ylp5g5AH/gfP4A1dWV1g==</latexit>
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FIG. 1: Direct detection proton-DM scattering cross section
(Eq. 2) as a function of incoming DM kinetic energy for a
variety of DM masses. For illustration, the vector mediator
mass is chosen to be mV = 1 GeV. The coupling choice g =√
MeV/mχ ensures that the cross sections converge in the
non-relativistic limit.
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2term in the cross section. Therefore to accurately formu-
late this problem, one must make use of a more complete
model of the DM-CR interactions.
Here we formulate the DM-CR interactions within the
context of a simplified model of DM-nucleon interac-
tions(e.g., [32–37]). This allows us to remain agnostic of
the detailed UV-physics, yet still capture the relativistic
behavior of the scattering. This formalism is commonly
applied in dark matter searches using collider [38, 39], in-
direct detection [40] and direct detection approaches [41].
We will consider simplified models of a light vector, Vµ,
and axial mediator, Aµ, allowing us to cover the standard
cases of spin-independent and spin-dependent scattering.
The interaction Lagrangian takes the form,
Lint ⊃ gχvVµχ¯γµχ+ gNvVµN¯γµN
+gχaAµχ¯γ
µγ5χ+ gNaAµN¯γ
µγ5N (1)
where χ refers to the DM, and N represents neutrons
(n) and protons (p). We have also introduced the DM
and nucleon couplings to the mediators gχ,i and gN,i,
where i = v, a denotes the vector and axial couplings,
respectively. These interactions generate the differential
cross sections(
dσχN
dTχ
)
vector,CR
= g2χvg
2
NvA
2F 2(q2) (2)
× (mχ(mN + Ti)
2 − Tχ((mN +mχ)2 + 2mχTi) +mχT 2χ)
4pi(2mχTχ +m2v)
2(T 2i + 2mTTi)
and (
dσχN
dTχ
)
axial,CR
(3)
= g2χag
2
Na
(4mχm
2
N + 2Tχ(m
2
χ +m
2
N ) +mχT
2
χ)
8pi(2mχTχ +m2a)
2(T 2i + 2miTi)
,
where A is the total nucleon number of the cosmic ray nu-
cleus of mass mT, and mχ,mN ,mi,mv,ma are the DM,
nucleon, incident CR, vector and axial mediator masses,
while Tχ is the outgoing DM kinetic energy. The dark
matter is treated as being at rest in the galaxy (a good
approximation for the cosmic ray energies under consid-
eration). While the couplings may in principle be differ-
ent, throughout this analysis we fix g ≡ gχ,i = gN,i for
simplicity. For the form factor, F 2(q2), we have adopted
the Helm model [42] for nuclei larger than hydrogen.
For the scattering from protons we follow [15] and use
the dipole form of [43]. However, for heavier nuclei one
needs to account for the momentum of the individual nu-
cleons participating in the scattering process within the
nucleus. For non-relativistic dark matter-nucleus scatter-
ing one can apply the standard treatment of [44]. In this
work we adopt the recent analysis of neutrino-nucleus
scattering analyzed in [45], which closely resembles the
physical situation of cosmic-ray scattered dark matter
due to the relativistic nature of the incident neutrinos.
This approach allows us to connect the nucleon cross-
section in Eq.(2) to the full nuclear cross-section by re-
lating the nucleon momenta to the full momentum trans-
ferred in the scattering process from energy-momentum
conservation. This, for example, produces the propaga-
tor as a function of mT in the denominator of Eq.(2)
rather than mN as the momentum is transferred to the
full nucleus.
In Fig. 1 we plot Eq. 10 for a variety of DM masses.
The coupling choice g =
√
MeV/mX ensures that the
cross sections converge in the non-relativistic limit. As
can be seen, there is a strong dependence on the DM
mass, with light DM (mχ < 1 MeV) masses the cross
section grows substantially with increasing CR energy,
while for heavier DM (mχ > 50 MeV), the cross section
drops precipitously.
This simple result motivates a careful re-examination
of the sensitivity of direct detection experiments to
this relativistic flux of DM. We compute the bounds
from direct detection focusing on the XENON1T exper-
iment [46].
Calculational Framework- Here we reformulate
the cosmic ray dark matter spectrum retaining energy de-
pendence of the cross section, which is required for even
the simplest vector-vector interaction (due to the rela-
tivistic nature of the scattering). The double-differential
collision rate of CR particles i with dark matter within
an infinitesimal volume dV is [15]
d2ΓCRi→χ
dTidTχ
=
ρχ
mχ
dσχi
dTχ
dΦLISi
dTi
dV (4)
The scattered dark matter flux is then obtained by in-
tegrating this over the relevant volume and cosmic ray
energies
dΦχ
dTχ
=
∫
V
dV
∫
Tmini
dTi
d2ΓCRi→χ
dTidTχ
(5)
= Deff
ρχ
mχ
∑
i
∫
Tmini
dTi
dσχi
dTχ
dΦLISi
dTi
(6)
where Deff = 1 kpc is an effective diffusion zone param-
eter, ρχ = 0.3 GeVcm
−3 is the local DM density, and
dΦLISi /dTi is the local interstellar (LIS) flux of nuclear
species i. Note that the parameter Deff is essentially the
distance over which the calculation accounts for CRs as
the source of high-energy DM flux. While there is uncer-
tainty in the precise value of this parameter, we follow
Ref. [15] and conservatively set Deff = 1 kpc throughout.
Finally we compute the differential event rate (per unit
detector mass) from the incoming relativistic DM flux in
a direct detection experiment via
dR
dET
=
1
mT
∫ ∞
Tminχ
dTχ
dΦχ
dTχ
dσχT
dET
(7)
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FIG. 2: Bounds on the spin-independent WIMP-proton cross section (left panel) and spin-dependepent (right panel) derived
for the axial-vector mediator differential cross section. For vector interactions we examine XENON1T data (solid red line,
Eth = 5 keV), and for axial vector interactions we use Borexino data. In both cases we have fixed the coupling, g = 1. In the
vector case, the upper dashed line (Eth = 1 keV) shows the projected sensitivity to dark matter attenuated by the Earth due
to a lowered detector threshold. For comparison, bounds from [15] which use an energy independent form of cross section are
shown in dotted blue (left) and dotted green (right). We also display bounds on non-relativistic DM from the conventional
Maxwell-Boltzmann distribution of local DM. The additional bounds we display include gas cloud cooling [29], Milky Way
satellites [30], above ground CRESST-II [8], CDMSlite [7], and Collar [31].
where ET is the target recoil energy. For vector and
axial-vector exchange the total differential cross section
dσχT /dET is obtained through the DM-N cross-section(
dσχN
dET
)
vector,DD
= g2χvg
2
NvA
2mT[2(mχ + Tχ)
2 (8)
− ET
m2N
(
mTm
2
χ +m
2
N (mT + 2 (mχ + Tχ))
)
+ E2T]
× [pi(2mTET +m2v)2(T 2χ + 2mχTχ)]−1 F 2(q2)
(
dσ
dET
)
axial,DD
= g2χag
2
NamT[2(mχ + Tχ)
2 (9)
×− ET
(
mT
(
1 +
(
mχ
mN
)2)
+ 2(mχ + Tχ)− ET
)
]
×[pi(2mTET +m2a)2(T 2χ + 2mχTχ)]−1,
where mT is the target mass of the detector nuclei.
Attenuation- Most direct detection experiments are
deep underground in order to suppress large backgrounds
from activity at the surface. For example, XENON1T
is operated at the Laboratori Nazionali del Gran Sasso
(LNGS) situated at a depth of z ' 1.4 km. As a re-
sult of the Earth overburden, cross sections above some
critical value will attenuate and decelerate the DM flux
to such small energies that it is rendered undetectable
(see e.g. Refs. [47–56] for studies of the attenuation of
non-relativistic DM).
As in Ref. [15], we evaluate the energy loss of dark mat-
ter of energy Tχ with respect to the distance x traveled
through the Earth. This depends on the energy Tr lost
by the dark matter in each collision through the relation
dTχ
dx
= −
∑
T
nT
∫
dσ
dTr
TrdTr (10)
where the sum is over the average nuclei densities nT
of elements within the Earth. We use the values of nT
provided by DarkSUSY [57].
While a detailed study of the effects of attenuation
on CR-boosted DM is beyond the scope of this let-
ter, we adopt the following prescription for determining
the largest cross section underground experiments can
probe. CRDM of a given mass will impinge upon the
Earth with an initial energy, Tχ,in. As the dark mat-
ter travels through the Earth, it will lose energy as de-
scribed in Eq.(10) leaving it with a kinetic energy of Tχ,z
once it reaches the depth, z, of XENON1T. For a given
Tχ,z, the maximal nuclear recoil within the detector is
Tmaxi =
T 2χ,z+2mχTχ,z
Tχ,z+(mχ+mTi )
2/2mTi
. Thus, there will be a max-
imal cross-section above which CRDM striking the Earth
with an energy Tχ,in, will be scattered to a kinetic energy
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FIG. 3: Combination of bounds on the vector model with
couplings set to unity. The red region shows the mediator and
DM masses excluded by the search for cosmic ray upscattered
DM flux at XENON1T. The orange region is excluded by
Milky Way satellties [30].
below that which is necessary to generate a nuclear re-
coil above the detector threshold energy Eth. As a simple
prescription we determine the upper bounds of the cross
section exclusion plot by finding the cross sections above
which a Tχ = 1 GeV incoming state would attenuate
below threshold. The present work only considers the ef-
fects from elastic scattering, and the upper bounds will
change once inelastic effects are included.
Results- In the two panels of Fig. 2 we present the
results of our study by placing constraints on SI (us-
ing Xenon1T) and SD (using Borexino) cross-sections
within our simplified model framework. To produce these
bounds the coupling is fixed to g = 1 and the media-
tor mass is varied as σ = 4g4µ2/(pim4M ). One can see
that the exclusion region now strongly depends on the
DM mass, with an exclusion region in the vector model
case that is extended by orders of magnitude relative to
an energy independent cross section as in Ref. [15]. We
also note that the upper bound on the cross-section dis-
plays a detector threshold dependence, emphasizing the
enhanced reach of low threshold detection.
In Fig. 2 we do not display bounds from LHC con-
straints (also discussed in [14, 16]) where bounds from
monojet plus missing energy searches [38] are no longer
operable due to the large dark matter interactions within
the detector, and instead give way to trackless hadronic
energy deposition [58]. LHC bounds may be relevant for
some of the parameter space depending on the media-
tor mass explored in CRDM models (e.g., for mM ≥ 1
GeV [58]), but we leave this question for future work.
The neutrino background due to coherent elastic neu-
trino nucleus scattering (CEνNS) originating from so-
lar and atmospheric neutrinos will provide an irreducible
background to CRDM scattering in liquid xenon experi-
ments. Since the nuclear recoil spectrum of CRDM dif-
fers from the CEνNS spectrum, there will be a true ‘neu-
trino floor’ [59]. To illustrate the sensitivity for which
the neutrino background will start to become relevant,
we calculate projected bounds for a XENON1t-like ex-
periment with an exposure that expects to yield a sin-
gle neutrino event (approximately 33 tonne-years). The
curve denotes the approximate point at which the exper-
iment’s sensitivity to CRDM is altered from depending
on the inverse square root of exposure, to the inverse
fourth-root. In the case of the spin-dependent scenario,
Borexino is already sensitive to atmospheric neutrinos
(see [60]) and thus can be considered to have already
surpassed the floor.
It should be noted that in the two panels of Fig. 2, the
constraints on the cross-section values are projections in
the limit of no momentum transfer. This can obscure
the bounds on the simplified model since there will be
an interplay between the mediator mass and momentum
transfer through the propagator. Therefore, it can be
insightful to examine bounds in the, mM vs. mχ plane,
as shown in Fig. 3. The coupling remains a free param-
eter and so we calculate the bounds for g = 1 to show
how the bounds depend on this choice. Larger couplings
enable bounds on larger mediator masses. Conversely,
lighter mediators enhance the rate and enable bounds
with smaller couplings, but when m2M < q
2 the rate will
not be enhanced further and thus g ∼ 0.1 represents an
approximate lower limit on the couplings accessible.
Conclusions- In this brief letter we have considered
the impact of realistic energy dependence on the flux and
scattering rate of CR-boosted DM. Our work has a num-
ber of important consequences suggesting a number of
avenues for future exploration. First, we have mostly fo-
cused on direct detection experiments, though as seen in
the axial vector case, neutrino experiments can also probe
relevant parameter space, especially given that many
neutrino experiments are at shallower depths [15, 17].
These bounds also need to be revisited in light of the
importance of energy dependent scattering. A more
complete treatment would include hadronic inelastic pro-
cesses, which may be relevant for the initial upscattering,
DM attenuation, and detector energy deposition. We
note that inelastic processes in the dark sector have been
shown to be relevant for increasing the DM upscattered
flux in the initial CR-DM collision event [27]
In addition, the energy dependence in simple, realis-
tic models that we have explored here will also modify
the constraints obtained in Ref. [14] from cosmic ray en-
ergy losses, as well as those obtained in [17] for a sim-
plified model approach to DM-electron scattering when
DM-electron couplings are introduced. For purposes of il-
5lustration we have focused on CR-DM interactions medi-
ated by the exchange of a (axial-) vector mediator. This
is of course only one possible class of models, and we
plan to follow-up on this letter with an exploration of
additional interactions mediating spin-independent and
spin-dependent scattering including momentum depen-
dent scattering. The CRDM bounds would be interesting
for pseudo-scalar models where the usual direct detection
bounds are very weak. We would also consider color me-
diator where the CR-DM bound would be much stronger
due to the s-channel enhancement. Finally, due to the
size of the energy transfer in the CRDM paradigm, it
may be an intriguing space to explore inelastic dark mat-
ter models, as recently examined within boosted dark
matter scenarios [61–64]. Lastly we note that the CR-
DM scattering may cease producing detectable signals
for ultra-light DM masses.
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